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Review
Active sportswear is clothing of certain functions with the aim of ensuring 
the expected properties of certain sports. An important aspect of sportswear 
is thermal physiological comfort, especially when sports activities take place 
in demanding atmospheric conditions (at high or low temperatures) over a 
long period of time. Proper selection of clothing can significantly reduce the 
dynamic and thermal loads of athletes. Innovations in textile science and 
technology is focused on research into the development of fibres of high and 
special properties for various applications. So, a lot of investment in techno-
logical innovations of textile materials from fibres, yarns to fabric and 3D 
textile structure which results in improved performance of sportswear. In 
addition, much attention is paid to design that also contributes to improving 
the performance of sportswear. Here, it will be pointed on significant achieve-
ments in the field of sportswear intended for professional athletes. Various 
aspects that affect the comfort of clothing, the impact of different types of 
fibres, yarns and innovative structures of textile fabrics intended for the pro-
duction of sportswear are discussed. Also, special emphasis is given to in-
novations in the field of jerseys with cooling effect.
Keywords: sportswear, special fibre properties, textile structures, clothing 
with cooling effect, thermo-physiological comfort of clothing
1. Introduction
Sportswear plays an important role in 
athlete achievements. The perfor-
mance of sportswear is influenced by 
the thermodynamic, aerodynamic 
and/or hydrodynamic properties of 
the textile material. In addition, de-
sign has a significant impact on the 
performance of sportswear [1].
In recent years, especially great pro-
gress is noted in the field of fibres for 
the manufacture of premium sports-
wear and sport equipment. With the 
advancement of technology and the 
development of high-performance 
materials, sportswear has improved 
properties, an emphasis is given to 
high aerodynamic and absorption 
properties, air and water permeabili-
ty, strength and adhesion. Much has 
also been done in the field of design 
[2]. Sportswear is designed so that it 
does not restrict the athlete`s activity 
and provides him physical support 
while exercising.
According to the level of profession-
alism and purpose of use, sportswear 
can be classified into four groups: 
functional, basic, casual and fashion 
sportswear [3]. Functional sportswear 
is high properties clothing that en-
hances performance with special 
functionality. Thus, modern tech-
niques and technologies of seamless 
knitting, which have opened up enor-
mous possibilities of design and in-
novation (in terms of comfort, aes-
thetics and functionality) also contrib-
ute to improvement of sportswear [4].
Basic sportswear has a more appeal-
ing design [3], while casual sports-
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wear is a replica of functional sports-
wear, most often worn at home when 
no increased physical activity and 
sweating is expected [3, 5]. As a re-
sult of the cooperation of famous 
fashion designers, fashion houses 
and sports brands as well as profes-
sional athletes, fashion sportswear 
was created, in which the most atten-
tion is paid to modern design and 
likeability of clothing [2, 6-8].
Of course, the basic classification of 
sportswear is according to the sport 
for which it is intended. Depending 
on the sport there will be different 
requirements for functional proper-
ties. Some sports require more phys-
ical effort than others, i.e. they differ 
in the level of activity.
According to Chowdhury et al. [2] 
functional requirements for sports-
wear can be displayed according to a 
specific sport in Tab.1.
The basic characteristics of sports-
wear, which depend on a type of tex-
tile fibres, types and structures textile 
materials and design. The following 
properties are most commonly de-
signed:
• thermal (thermoregulation),
• air permeability and water vapor,
• dimensional stability (often even 
in humid conditions),
• strength and durability,
• easy maintenance (care),
• comfort (convenience),
• design functionality.
The great popularization of healthy 
lifestyle and sports has led to a sig-
nificant increase in the sports market 
over the last twenty years [3, 9]. 
American market research company 
Global Industry Analysts, Inc. pre-
dicts that the global sports and rec-
reation clothing market will increase 
by about 26 % by 2024 [9].
2.  Sportswear wearing 
comfort
Wearing comfort is one of the deci-
sive criteria for assessing the quality 
of individual garments and is of great 
importance in the choice of clothing 
[10]. Comfort, which we feel while 
wearing clothes, is a subjective reac-
tion that results from the action of 
various factors. The textile material 
from which the garment is made must 
have good porosity, so that when the 
body moves, the diffusion of water 
vapor through the pores towards the 
environment can take place. Clothing 
must enable thermal insulation in 
cold conditions, a high degree of 
moisture permeability and good ven-
tilation to ensure optimum ther-
moregulation of the human body, as 
the body must be maintained in ther-
mal equilibrium, i.e. the thermal en-
ergy created by metabolism and the 
energy obtained from the outside, 
must be equal to body’s thermal en-
ergy loss. The result of balanced hu-
man-air-clothing interaction is ex-
pressed in human comfort when 
wearing clothing. In practice, often, 
especially in sports and activities, the 
heat of evaporation can’t maintain 
balanced interactions, i.e. heat bal-
ance. This is reflected in the physio-
logical response of the body, which 
secretes a larger amount of sweat, 
that can not evaporate from the sur-
face of the body and therefore con-
denses. In order to achieve satisfying 
contact comfort, a condensed compo-
nent must be removed as quickly as 
possible from the skin surface to the 
layers of clothing in to the environ-
ment. This is achieved by adsorbing 
moisture on the surface of the textile 
material and migrating it to further 
layers of textile material and by capil-
lary transfer through the pores of fi-
bres and yarns. Both mechanisms 
depend on the fibre’s properties, the 
fineness of fibres and yarns, their sur-
face characteristics, and the struc-
tural characteristics of the yarn and 
the textile material.
Therefore, the requirements that 
clothing as well as sportswear must 
meet are based on the following cri-
teria [11]:
1)  Physiological function, which is 
expected to ensure the thermal 
balance of the wearer;
2)  Skin sensory comfort;
3)  Ergonomic function: clothing 
must maintain ergonomic com-
fort;
4)  Aesthetic function: clothing must 
meet fashion requirements (color, 
cut and design).
From the thermophysiological com-
fort point of view, clothing can be 
viewed as the so-called “quasi-phys-
iological” system, which exchanges 
body’s and environmental heat and 
ensures a good microclimate between 
the body and the environment [11]. 
Clothing with good thermophysio-
logical properties must allow thermal 
and physiological equilibrium with a 
minimum body load under different 
climatic conditions and different 
physical activities of the wearer. This 
means that the person in the clothing 
feels neither cold nor warm but ther-
mophysiological comfort [12]. The 
influence of clothing on human heat 
load at different physical loads and 
different combinations of climatic 
quantities can be experimentally de-
termined by measuring physiological 
Tab.1 Functional requirements for sportswear according to a specific sport
Sportswear Functional requirements
Shirts and slacks for tenis, volleball, golf, 
footbool, basebool, athletic, track suits
Sweat absorbing, fast drying, cooling
Skiwear, wind breakers, track suits Vapour permeability, water proofing, 
vapour permeability, water proofing, 
thermal insulation
Skiwear, wind breakers, track suits Sunlight absorbing and thermal reten-
tion, Low fluid resistance
Swimming race and skating costume, ski 
jump and downhill skiing suits, cycling 
costume
Low fluid resistance for water and air
Snowboard wear, baseball uniform, foot-
ball uniform
High tenacity, resistance to abrasion, 
stretchability
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parameters: skin temperature, heart 
rate, amount of sweat excreted, and 
subjective assessment of thermal 
comfort. Human body temperature is 
an important indicator of heat-related 
characteristics, such as comfort, 
stress caused by heat, or cold [12].
Two physiological parameters play a 
significant role in the study of ther-
mophysiological comfort of man: the 
average skin temperature (determines 
the comfort of clothing in cold con-
ditions) and the amount of sweat 
 excreted on human skin (determines 
the comfort of clothing in warm cli-
mates) [13].
Moisture management of fabrics in-
tended for sportswear production has 
crucial role in determination of com-
fort level [14]. Athlete can produce 
up to 2.5 l/h of sweat in extreme en-
vironment conditions [15]. Moisture 
is transported through textile material 
by two related processes, wetting and 
wicking [14]. In the moment when 
the moisture gets in the touch with 
the fabric, wetting occurs. This pro-
cess is carried by air and liquid inter-
face with textile material. Studies of 
wettability are based on the measure-
ment of contact angles, which refers 
to the degree of wetting when the 
liquid and the material are interacting 
[17]. Wettability of the textile mate-
rial depends on different fibre proper-
ties as well as surface properties of 
textile materials [18-20].
Liquid is further transferred through 
textile material by the capillary action 
or wicking. Wickability depends on 
fibre type, yarn construction, fabric 
structure, finishing treatment, as well 
as relative humidity of the atmosphere 
and ambient temperature [16, 21].
Skin sensorial comfort, which is 
specified by the mechanical contact 
of the textile material and the skin, is 
determined by the satisfaction (or dis-
comfort) of the wearer in the moment 
when the skin is in contact with gar-
ment i.e. how our basic senses per-
ceive textile material. In addition to 
the surface properties of the textile 
material, this type of comfort can be 
influenced by factors such as attrac-
tiveness of the garment or even smell 
or sound of fabric [22]. On the con-
trary, ergonomic comfort is specified 
by freedom and possibility of unhin-
dered movement. Movements such as 
flexion, extension and abduction are 
important factors in product develop-
ment for high performance sports-
wear. The main aspects, which affect 
the ergonomic comfort, are design 
and construction of the garments as 
well as elasticity and thickness of the 
textile material [11]. Sportswear 
should allow unhindered movement 
of the athlete, otherwise, unpleasant 
sensation and pressure on the body 
may occur [23].
3.  Fibres used in production 
of sportswear
The most commonly used fibres in 
the production of sportswear are: 
polyester, polyamide, cotton and me-
rino wool fibres, elastane and their 
mixtures [24].
3.1. Polyester fibres
Active sportswear is most often made 
of polyester knitted fabrics [25]. Poly-
ester fibres (PES) are man-made fi-
bres made of synthetic polymers. The 
fibres consist of linear polyester mac-
romolecules in which the mass frac-
tion of diol esters and terephthalic 
acid is at least 85 % [26]. There are 
many different types of polyester fi-
bres. The majority of polyester fibres 
are produced from poly(ethylene-
terephthalate) (PET), obtained by 
polycondensation of terephthalic acid 
or dimethyl terephthalate, with 
1,2-ethanediol. Most often, polyester 
fibres are produced as continuous fila-
ments by a chemical melt spinning 
process, with spinning speeds of 1000 
to 7000 m/min [27]. The density of 
PET fibres ranges from 1.36 to 1.41 g/
cm3, while these values for polybutyl-
ene terephthalate (PBT) and polycy-
clohexane terephthalate (PBT) fibres 
range from 1.22 to 1.23 g/cm3 and 
from 1.36 to 1.41 g/cm3 [28].
Polyester fibres have excellent me-
chanical properties, which can vary 
depending on the intended use. Poly-
ester fibres are characterized by low 
moisture absorption and the ability to 
accumulate electrostatic charges on 
the surface. Also, polyester fibres are 
resistant to dilute acids, alkalis and 
organic solvents, but can be damaged 
in high concentrations [27]. The sur-
face of the polyester filament is more 
uniform than other synthetic fibres 
with the exception of the curly staple 
fibre, where some inequalities can be 
observed on the inside of the bent 
part of the fibre [28].
The desired shape of cross-section of 
the polyester fibres can be obtained by 
applying different nozzles during 
polymer extrusion. Thus, polyester 
fibres can have a round, hollow round, 
trilobal, hollow trilobal cross-section, 
or they can be bicomponent [30]. It is 
also possible to produce specially de-
signed cross-sections of polyester fi-
bres that allow the improvement of 
certain properties such as moisture 
transfer, increased resistance to peel-
ing, improved thermal properties, in-
creased gloss, etc. [23, 31].
3.2. Polyamide fibres
Polyamide fibres (PA) as man-made 
fibres made of synthetic polymers are 
composed of linear macromolecules 
in which at least 85% amide groups 
(-CO-NH-) are linked to aliphatic but 
alicyclic segments [26]. They are 
spun from the melt of polyamide 
polymers. The best known are the fi-
bres produced from polycaprolactam 
(PA 6) and from polyhexamethylene 
adipamide (PA 6.6). PA fibres come 
on the market under a number of 
trade names, the most famous being: 
PA 6.6 Nylon (PA 6.6) (developed at 
DuPont, USA), Perlon (PA 6) (Bayer, 
Germany), known as NylonTactel 
(PA 6.6) (ICI, UK), Toyobo Nylon 
(PA 6) (Toyobo, Japan) etc. The melt-
ing temperature of PA 6 fibres (215 
- 220 °C) is lower than that of PA 6.6 
fibres (255-265 °C). The properties 
of polyamide fibres vary depending 
on the type of polymer and the pro-
duction conditions (spinning speed, 
elongation ratio and applied temper-
S. STOJANOVIĆ, J. GERŠAK: Textile materials intended for sportswear,  
Tekstil 68 (4-6) 72-88 (2019.) 75
ature), but are generally strong, du-
rable, flexible and elastic. Tensile 
strength and elongation at break of 
PA 6 fibres is about 29 cN/tex, i.e. 46 
%, and PA 6.6 in the range from 37 
to 66 cN/tex, i.e. elongation 16 to 43 
% [27]. The specific fibre densities of 
PA 6.6 and PA 6 range from 1.137 to 
1.145 g/cm3 [29]. The fibres do not 
swell and have a better ability to ab-
sorb moisture from the air than PES 
fibres, they absorb sweat poorly 
(moisture absorption in a standard 
atmosphere is about 3.5 % for PA 6.6 
and about 4.5 % for PA 6 fibres).
3.3. Cotton fibres
Cotton fibre is a fibre of plant origin 
that grows on the seed surface of the 
cotton plant (Gossypium) and ac-
counts for about one-third of total 
world textile fibre production. This 
fibre contains between 90 to 95 % 
cellulose. In addition to cellulose, 
cotton fibre also contains pectins, 
waxes, organic acids and inorganic 
substances.
Cellulose is a linear polymer of a 
1,4-β-D-glucose unit covalently 
bonded. The cellulose molecule de-
gree of polymerization can be up to 
10 000.
The properties of cotton fibres may 
vary depending on the botanical 
groups of the plant from which the 
fibre is obtained, climatic and weath-
er conditions, agricultural practices, 
the area in which the plant is grown, 
and many other factors. The length of 
the fibres obtained from the seeds 
ranges from 3 to 63 mm. Fibres short-
er than 12 mm are not used in textile 
industry, because they are not suita-
ble for spinning and therefore have 
no commercial value. The tenacity of 
cotton fibres varies depending on the 
type of cotton and is in the range of 
25 to 45 cN/tex [27], and specific 
density of cotton fibres ranges from 
1.50 to 1.55 g/cm3 [32, 27].
Over the years, there has been a re-
duction in use of cotton fibres for the 
production of sportswear. The main 
reason is the increased absorption 
and retention of moisture inside the 
cotton fibres. In the dry state, cotton 
has excellent comfort properties. 
However, when cotton clothes are 
wet or damp, due to physical activity, 
the clothes become heavy and sticky 
and lead to an extremely uncomfort-
able feeling. The solution can be 
found in the combination of cotton 
with synthetic fibres (in blends with 
a higher proportion of cotton fibres) 
or in water-repellent treatments of 
cotton that reduce the water absorp-
tion of textile fabric [33].
3.4. Wool - Merino wool fibres
Fine wool fibres such as merino wool, 
is usually used for running apparel 
and bicycle wear. Merino wool fibre 
is hydrophilic and have excellent 
wicking properties, dries quickly and 
maintains body’s own natural cooling 
system. Fine wool fibres such as Me-
rino wool fibres have excellent ab-
sorption properties, maintaining the 
body’s natural thermoregulatory sys-
tem in different climatic conditions. 
Despite the poor strength wool has 
good durability and intermittent elon-
gation (up to 50 % in the wet and 30 
% in the dry state). The length of con-
ventional wool fibres ranges from 35 
to 350 mm, depending on the type, 
while the length of Merino wool fi-
bres ranges from 60 to 110 mm. In 
addition, they have good air and wa-
ter vapor permeability properties, 
odor control, environmental accept-
ability and renewable [34, 35].
3.5. Elastane fibres
Elastane fibres are man-made fibres 
characterized by the property of elas-
tic elongation, and a very high ability 
of elastic recovery after stretching, 
the leases can be stretched at least 
three times the length and return to 
the initial length after the load ceases. 
From this group, the most important 
are elastane and elastodiene fibres. 
The most famous elastane fibre (EL) 
is known under the trade name Lycra 
(DuPont). For elastane fibres the gen-
eral name Elastane, is accepted in the 
German-speaking area, and in Eng-
lish the general name is Spandex.
According to ISO 2076: 2013 [26], 
elastane fibres are constructed of at 
least 85 % by weight of segmented 
polyurethane, consisting of aliphatic 
polyesters or polyethers (soft areas) 
and polyurethane segments (hard ar-
eas). They can stretch up to 700 % 
with an elastic recovery of 95 %.
The most significant property of elas-
tane fibres or filaments is their high 
tensile elasticity, the values of break-
ing elongation range between 300 
and 700 %, and their elastic recovery 
reaches 95 %. Elastane filaments are 
rarely used alone, are most common-
ly used in yarns twisted with natural 
or other man-made fibres [36]. 
Thanks to this exceptional feature, 
their small presence in mixtures with 
other types of fibres, textiles (fabrics, 
knitted fabrics and clothing) ensures 
elasticity when worn, especially dur-
ing physical activities.
4.  Recent developments  
in the production  
of fibres and yarns 
intended for sportswear
An overview of new man - made fi-
bres of synthetic and natural poly-
mers and products made from mix-
tures of these fibres for the produc-
tion of active sportswear is shown in 
Tab.2.
The following are the characteristics 
of some high-performance fibres, in-
tended for the production of sports-
wear, such as hollow fibres, micro-
fibers and high-comfort fibres.
4.1. Hollow fibres
A filament or staple fibres with one 
or more axially embedded hollow 
(air) cores is called a hollow fibre 
[46]. They were created on the impe-
tus to produce fibres that would have 
a lumen like cotton fibre. Although 
almost all artificial fibres can be pro-
duced in the form of hollow fibres 
with the adaptation of technology, 
polyester and polyamide hollow fi-
bres are most often used for sports-
wear. They can be produced with 
trilobal, square, hexalobal, and round 
cross section [46-49].
S. STOJANOVIĆ, J. GERŠAK: Textile materials intended for sportswear, 
Tekstil 68 (4-6) 72-88 (2019.)76
Hollow fibres have better thermal 
insulation than conventional fibres, 
and also have improved bending and 
torsion (twisting) properties com-
pared to conventional fibres [47, 48]. 
They are often used to make clothes 
for various winter sports, as well as 
for clothes with thermal protection 
properties [47]. Due to the cavities in 
the structure, these fibres are very 
light [48].
Polyester hollow fibre of the trade 
name Welkey is used to make sports-
wear. With microcavities throughout 
the volume of fibres or with a central 
cavity of larger diameter, or combi-
nations thereof, the possible absorp-
tion of moisture is significantly in-
creased, and thus the comfort of 
wearing clothes made of such fibres, 
and the increased air space inside the 
fibres increases the thermal resist-
ance of textile material [47].
Very popular in the production of 
winter sportswear is the fibre of the 
trade name Thermolite. Polyester fi-
bre that “captures” air in the cavities 
of these fibres and provides warmth 
and comfort. Hollow fibres due to the 
significantly increased specific sur-
face allows sweat to evaporate quick-
ly, which helps the textile fabric from 
these fibres to dry up to 50 % faster 
than cotton textiles [49].
4.2. Microfibres
A microfibres are man-made fibres 
with high linear density, i.e. fibre is 
finer than 0.9 dtex, and most often 
below 0.4 dtex [50]. The main char-
acteristic of microfibre is extreme 
lightness. Textile materials made of 
microfibres have exceptional strength 
(although the filaments are very fine), 
good breathability, durability and soft 
feel [56]. Microfibres are most often 
available in polyester and polyamide 
fibres, but they can also be acrylic, 
polypropylene and cellulose.
Tab.2 Man-made fibres of synthetic and natural polymers for the manufacture of sportswear








Fieldsensor Quickly absorbs perspiration;
Carries perspiration rapidly to the fabric’s outer surface.
High breathability allows air circulation within the textile  
material.
Golf wear,




Coolpass This microfibre has narrow openings, which have siphon effect. 
This provides better regulation of moisture. The sweat is removed 
from skin and transferred to outer layer of fabrics, which helps 
with regulation of body temperature and skin remains dry.  
Sportswear produced form this fibre have warm filing in the  
winter and cool during the summer.
Bottom layer in three-layer  
system
[39]
Triactor Triactor absorbs sweat and dries much faster than conventional 
polyester fibres, thus keeping the inside of garment dry. This is 
achieved by changing the cross-section of PES filament in to Y 
shape. Its construction reduces the amount of material touching 













Tactel This fibre has trilobal cross-section.
This fibre is: soft to touch, lightweight, fast drying breathable, 
strong and resilient. This fibres dry up to eight times faster than 
cotton and achieve up to three times stronger textiles than cotton.
Windproof fabrics;
Women’s intimate apparel;  
dancing and gymnasts wear
[41]




Exceptional strength Windproof fabrics
[42]
Hydrofil Polyamide polymer consisting of 85 % PA 6 and 15 % polyethyle-
ne oxide diamine.
Has increased aspiration capacity to the level of cellulose fibres.
Sportswear
[43]




Soft touch Sportswear worn next to the skin
[44]














es Tencel Very high water absorption capacity.  
Unique structure of nano-fibrils. Smooth surface.  
Resistant to wear and tear.
High tensile strength, both wet and dry. This fibre does lose some 
strength when wet, though not as much as rayon. Mix well with 
other natural and synthetic fibres.
Sportswear; outwear and  
underwear
[45]
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In addition to high aesthetic charac-
teristics, microfibers provide textile 
materials, depending on the manufac-
turing technology, some special prop-
erties, such as water repellency and 
water impermeability with simulta-
neous good air permeability, greater 
comfort compared to standard fibre 
types and excellent mechanical prop-
erties. Due to the high fineness of 
microfibers, higher porosity is 
achieved, which improves water va-
por transfer from textile material and 
thermal control properties [51, 52].
5.  Characteristic 
requirements of textile 
structures for sportswear
From the sportswear application 
point of view, especially when it 
comes to clothes for professional 
athletes, special requirements are set 
for thermal and physiological com-
fort, but also skin sensorial comfort. 
The specific characteristics of fibres, 
yarns and textile materials for 
achieving the desired properties of 
sportswear will be reviewed below.
5.1 Thermoregulated fibres
Thermoregulated fibres are able to 
improve thermophysiological com-
fort by absorbing or releasing heat. 
Clothing made of such fibres is able 
to warm or cool the body, depending 
on the outside temperature, so that 
the skin temperature is maintained in 
a narrow range (30 to 33 °C). These 
fibres contain phase-change materials 
(PCMs) which change its physical 
state when subjected to heating or 
cooling [53]. PCMs are able to ab-
sorb or release certain amount of en-
ergy in latent heat form [54].
Today, over 500 different natural and 
synthetic PMCs with different heat 
capacities and melting points are 
available. For textile applications 
paraffin is most commonly used [55]. 
One of the first applications of PMCs 
in textile was by National Aeronaut-
ics and Space Administration 
(NASA) USA in 1980s. They applied 
them in smart materials with goal to 
make garments with good thermoreg-
ulation that will prevent the adversity 
which comes from sudden tempera-
ture changes in the space [56].
Today thermoregulated fibres are 
used for production of different types 
of sportswear like sports underwear, 
active wear, hiking wear and un-
derwear for cycling, running et cete- 
ra [57].
Application of PCM substances in 
the field of textiles can be achieved in 
two different ways:
a)  by incorporating microencapsu-
lated PCM substances into the fi-
bre during melt-spun process [58],
b)  by coating or laminating the PCM 
on to the fabric subtract [59].
The advantages of incorporating 
PCM material into fibre is improved 
thermal insulation in hot and cold 
conditions (without adding additional 
thickness to the textile material) [59]. 
In contrast to the incorporation of mi-
croencapsulated PCM substances 
into fibres, the application of the tech-
nique of coating or laminating PCM 
substances on a textile substrate af-
fects the mechanical properties, in-
creasing stiffness and weight of fab-
rics [65]. In contrast to the incorpora-
tion of microencapsulated PCM sub-
stances into fibres, the application of 
the technique of layering or laminat-
ing PCM substances on a textile sub-
strate affects the mechanical proper-
ties, increasing stiffness and surface 
mass of fabrics [58]. Although the 
use of phase-changing materials is 
widespread today, the short-term 
 effects of PCM are generally seen 
[60]. The results of the analysis of the 
impact of microcapsules with phase-
change materials embedded in the 
business suit show that phase-change 
ma terials provide a weak and tempo- 
rary cooling effect during activity 
changes [61].
Different commercially available 
thermoregulated fibres are used to-
Fig.1 Working principle of Outlast fibre





Heat is distributed trought the 
OUTLAST fibres, reducing  
cold spots
Excrss heat generated by the body is absorbed 
into the OUTLAST fibres reducing overheating
Stored heat is relesed 
back to the body as  
needed and thus regula-
ting body temperature
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day, from which the most well-known 
is Outlast. Outlast technology uses 
acrylic and/or viscose fibres with 
PCM microcapsules, incorporated in 
yarns, fabrics, knitted fabrics and 
nonwovens, which absorb, store and 
release heat to obtain optimal thermal 
comfort for the user. Outlast technol-
ogy works on the principle where 
excess heat produced by the body, 
due to physical activity or extreme 
weather conditions, is absorbed into 
the Outlast fibre, as illustrated in Fig. 
1. The collected heat is returned to 
the body, maintaining the optimal 
wearer’s temperature [53, 61]. The 
cooling effect of Outlast knitted fab-
rics (38 % Outlast PES, 52 % PES 
and 10 % Spandex) was investigated. 
The results showed that the duration 
of the effect of the PMC substance 
was about 15 minutes, with the effect 
being most pronounced in the first 3 
minutes of wearing [61, 62].
In addition, it is necessary to mention 
high-comfort fibres, where specific 
morphological characteristics have a 
key role. By modifying the cross-
section shape, dimensional gaps are 
created, at which strong capillarity 
can develop. Thanks to the capillary 
forces in these fibres, the transfer of 
moisture and water occurs signifi-
cantly faster compared to standard 
fibres of circular cross-section. Such 
is e.g. Coolmax® active, Ciebet, 
Viloft® thermal and others.
Coolmax® active is a high-perfor-
mance four- or six-channel polyester 
fibre from Invista that forms a trans-
port system of increased specific sur-
face area that allows improved mois-
ture transfer from the skin to the 
outer layer of the textile fabric so that 
the human body remains dry and 
warm [63]. Fabrics made of Cool-
max® fibres have the properties of 
high moisture control, breathability 
and fast drying, Fig.2 [65].
Viloft® thermal fibre from Kelheim 
Fibers GmbH is a flat (ribbon) vis-
cose fibre of a specific shape which 
increases the specific surface area by 
more than 50 % and thus achieves 
changes in the structure of the yarn, 
i.e. fabric and clothing. These fibres, 
in addition to the naturalness of the 
raw material (wood cellulose from 
ecologically acceptable cultivation), 
have extremely good properties of 
softness, hygiene, and breathability. 
It is mainly used for underwear, 
socks and textile fabric intended for 
the production of sportswear. The 
most commonly available blends are 
with polyester and cotton. The high 
percentage of Viloft fibres provides 
improved thermal properties of tex-
tile fabric [65, 66].
Celliant® is the trade name for a syn-
thetic polymer two-component fibre 
made from polyethylene terephthalate 
with optically active particles embed-
ded in the core. According to the 
manufacturer, Celliant® technology 
in interaction with the electromag-
netic emission emitted by the human 
body (the human body emits low in-
frared radiation) transforms heat into 
infrared energy, stimulating local cir-
culation which increases oxygen lev-
els in the body and reduces pain re-
sulting from exercise. way improves 
sports results, improves sleep quality 
and health [67, 68]. The working prin-
ciple of Celliant technology is shown 
in Fig.3 [68].
5.2.  Influence of the yarn 
properties on the  
thermo-physiological  
comfort of sportswear
Thermal-physiological comfort when 
wearing clothes is influenced not 
only by the type and properties of the 
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fibres, but also by the structural prop-
erties of the yarn embedded in the 
textile material. Investigations of 
thermal properties of rib cotton knit-
ted fabrics of different structural 
properties such as: fineness, curl of 
yarn and type of used yarn (combed 
and carded yarn) have shown that 
knitted fabrics produced form finer 
yarn have lower thermal conductivity 
and show higher values of water va-
por permeability, as well as a warmer 
feeling with a lower value of heat 
absorption [69]. It has been found 
that with increasing the yarn twist the 
values of heat absorption and water 
vapor permeability also increase, 
while the values of thermal resistance 
decrease. Knitted fabrics made of 
combed cotton yarn show lower val-
ues of thermal resistance compared to 
knitted fabrics made of carded cotton 
yarn, while the values of thermal con-
ductivity, thermal absorbency and 
water vapor permeability are higher 
in knitted fabrics made of combed 
cotton yarn [70].
The comfort performance of the knit-
ted fabrics made of different types of 
fibres (polyester, polypropylene and 
polyamide) and the linear density of 
the yarn on thermal properties (ther-
mal resistance, thermal conductivity 
and thermal absorbency) were inves-
tigated by examining air permeability 
and sweat transfer rate.
Single-jersey plated knitted fabrics 
(plated with filament yarn) were in-
vestigated. Tests have shown that 
knitted fabrics with plated polyamide 
filaments in a layer facing the skin are 
more suitable for warm conditions as 
these knitted fabrics feel cooler on 
initial contact with the skin due to 
high thermal absorbency and perme-
ability to air and water vapor. Knitted 
fabrics made with yarn of lower fine-
ness (higher length mass) is less suit-
able in warm conditions, i.e. they are 
more suitable for the production of 
winter clothing due to the higher 
value of thermal resistance and lower 
values of air permeability and mois-
ture transfer [71].
5.3.  Structures of textile materials 
intended for production of 
sportswear
Structural variations (quality of yarn, 
pattern and finishing) can affect per-
formance of textile materials and in-
fluence the performance of sports-
wear and the thermoregulation of 
human body [72]. The structure of 
textile material plays an important 
role in the design of sportswear [73]. 
Because of its good features, knitted 
fabrics has advantage compared to 
other fabrics in the production of 
sportswear. The main characteristic of 
knitted fabrics is high elasticity, which 
allows free movement of athlete and 
good moisture management proper-
ties [72]. Structural parameters of 
knitted fabrics such as thickness, 
 porosity, pore size, density and stiff-
ness are another reason for its wide 
application in production of sports-
wear [73].
The pattern of knitted fabric has a sig-
nificant influence on its properties. 
Plain jersey knitted fabric possesses a 
better wicking properties and higher 
value of absorption in relation to knit-
ted fabrics in pique and honeycomb 
pattern. Favorable moisture transfer 
properties of single jersey knitted fab-
ric can be explained by the form of the 
loop, orientation of the sides of legs to 
the wale direction [74].
In recent years one of the ways to in-
crease the wearer comfort is the ap-
plication of micro web in textile ma-
terial structure. This structure allows 
increased cooling effect and airflow 
through the textile material. Obtain-
ing holes on the textile material can 
be achieved during the knitting pro-
cess and by laser perforation. Open-
ings on the textile material obtained 
by laser perforation are significantly 
smaller compared to ones obtained 
by knitting [75]. This kind of struc-
tures increases the breathability of 
textile material.
Multi-layer knitted fabrics also play 
an important role. Increased popular-
ity of multi-layer knitted fabrics in 
sportswear production can be ex-
plained by its improved thermoregu-
latory properties compared to con-
ventional knitted fabrics. Each layer 
has a special task. The layer next to 
skin, draws moisture to the outer 
layer where is absorbed and released 
into the atmosphere. This way the 
skin remains dry and the body’s tem-
perature is balanced [76, 77].
6.  Biomimetic textile 
materials
Biomimetic textile materials are ma-
terials which imitates nature and its 
processes. Biomimetic is a young re-
search field, specialized in biomimet-
ic, chemistry and textile materials are 
active in research and development of 
biomimetic materials [85, 86].
As inspiration for hydrophilic textiles 
has been found in hydrophobic sur-
faces of different plants and animals 
(which are rough in microscopic 
level). Plant has a hydrophobic struc-
ture if the contact angle ranges from 
150° to 90° [80], while super hydro-
phobic surfaces have contact angle 
greater than 150° and small angle of 
hysteresis (hysteresis contact angle is 
defined as the difference between ris-
ing and falling contact angles), which 
allows the water to descend with a 
smaller drop of 15° [78]. In addition, 
“ultra-hydrophobic” structures are 
used to describe a surface which 
shows both rising and falling contact 
angles greater than 150°.
Study in the field of surface of hydro-
phobic plant was conducted on over 
of two hundred different plant species 
[82]. Results showed that most of 
them have super hydrophobic sur-
face. Advantages of super hydropho-
bic textiles are: active self-cleaning 
performance, excellent water and oil 
repellency [83]. Numbers of washing 
can be significantly reduced thanks to 
self-cleaning properties, which can 
lead to development of eco-friendly 
materials that will reduce the energy 
needed for laddering and lower water 
pollution [84].
Lotus leaves have super hydrophobic 
surface which is microscopically 
rough. This is the result of small pro-
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trusions or spikes located on the leaf 
which results in little contact surface. 
The peaks of these protrusions are 
covered with wax, which even further 
increases water repellency and also 
contribute to self-cleaning properties. 
When a drop of water falls on the lo-
tus leaf, it rolls and takes the dirt 
away [84]. The possibility of produc-
tion textile with Lotus effect can be 
achieved: by achieving surface 
roughness [85, 86] and by finishing 
treatments (when the surface free en-
ergy is decreased) [87, 88].
A pinecone has a closing and opening 
mechanism which is triggered by 
moisture content in the atmosphere 
[89]. This behavior has been inspira-
tion for development of biomimetic 
textile materials whit adaptive struc-
tures [90, 91]. Pine cone effect pro-
vides a solution for discomfort in-
duced by moisture and change of 
temperature in the garments [92]. 
Such biometric textile material has 
been produced by laminating the 
light (porous) woven material on to 
non-pours membrane and on the sur-
face of this material small U-shaped 
cuts are being made. When the air 
humidity is high, U-shaped parts of 
fabric curl back and air permeability 
performance is significantly in-
creased [93]. Different approach to 
achieve “pine cone effect” in textile 
was achieved by using bicomponent 
fibre with an eccentric sheath/core 
cross-section. Because of the struc-
ture of this fibre, when fabric absorb 
moisture, the yarn inside the structure 
is tighten. This behavior is opposite 
to traditional materials, where the 
yarn became swollen in the presence 
of moisture and the air permeability 
is reduced. This way microscopic 
pockets of air in the textile structure 
are created. When the fabric is dry, 
fibres are open which results in de-
crease of air permeability and in-
creasing of insulation properties [92].
Biomimetic knitted fabrics was in-
spired by branching structure of 
plants was developed. Improved 
moisture and comfort properties of 
fabric were achieved by using four 
yarn system. The sweat is drowning 
from bottom to the top of biomimetic 
fabric by special fabric pattern (de-
signed by intercalating od yarns 
which imitate system of water trans-
port in plants). The results of study 
showed moisture transport has sig-
nificantly accelerated which has the 
effect of improved properties of 
clothing [93].
Thanks to their anatomy in the spe-
cial structure of their skin, sharks are 
one of the fastest fishes in the sea. 
Shark skin is covered with three-di-
mensional scales which are different 
than most fish scales. In addition to 
allowing rapid seaming, such struc-
ture of shark’s skin has antibacterial 
effect and prevents the growth of bac-
teria and parasites on its structure 
[94]. Fastskin swimsuit is inspired by 
shark’s body. This swimsuit fit is very 
tight and has compressing properties 
which helps to reduce fatigue, so the 
also the athlete’s activity is prolonged 
and improved. Manufacturer claims 
that Fastskin can boost a swimmer’s 
speed by up to 3 % [95].
7.  A review of some 
innovative solutions  
in the field of textile 
materials for sportswear
The rapid growth in the popularity of 
sports and sportswear has contributed 
to the development of different types 
of sportswear from functional, basic, 
casual to fashion sportswear. Each of 
these types of sportswear is intended 
for different levels of professionalism 
and requires certain performance de-
pending on the specific purpose. At 
the same time, remarkable achieve-
ments are being made in the field of 
fibres with very specific properties in 
order to achieve desired characteris-
tics of a particular garment.
Below, are some of the solutions, 
based on high technology that allows 
the development of high and special 
properties fibres as well as the devel-
opment of seamless garments for 
various applications in sports with 
aim to improve performance and 
comfort for athletes during and after 
physical activity, will be given. This 
can be achieved by using textile ma-
terials that has certain specific prop-
erties adapted to a specific purpose 
(hygroscopic, compression) using 
different types, structures and orien-
tations of fibres or new techniques of 
joining garment parts.
In order to meet the needs of profes-
sional athletes, the clothing industry 
is constantly in the quest for solutions 
that would optimize sportswear and 
thus to improve performance and fa-
cilitate the exertion of athletes during 
and after physical activity. This can 
be achieved by textile materials with 
certain properties (hygroscopic, com-
pression) using different fibre orien-
tation and new bonding techniques of 
garment parts.
Textile materials with desired mois-
ture management characteristics can 
increases the performance of the car-
dio-respiratory system of athletes 
[96]. The study which investigate im-
pact of hygroscopic properties of tex-
tile materials on pitching speed and 
performance of baseball players show 
that performance of athletes can be 
improved by using textile materials 
with higher moisture absorption for 
production of sportswear [97].
Result of the use engineered knitted 
fabrics wich show different proper-
ties for different body parts with con-
sideration of body construction have 
shown that the aerodynamic drag of 
cycling wear can be reduced [98], 
while the optimal orientation of 
fibres in fabric can also significantly 
affect the aerodynamic drag of swim-
suit [99].
The product of cooperation between 
Speedo and NASA is LZR Racer 
swimsuit (Fig. 4) specially designed 
to reduce drag while swimming 
[100]. This swimsuit is made using 
the ultrasonic joining technique 
which reduce drag by 6 %, compared 
to conventional stitched seams. An 
additional water resistance reduction 
of 24 % compared to Fastskin biomi-
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metic swimsuit from the same manu-
facturer is reported. LZR Racer has 
also developed the so-called Hydro 
Form Compression System, i.e. a 
swimsuit shape that uses a compres-
sion system to adhere to the body like 
a corset. The compression effect on 
key areas of the swimmer’s body al-
lows him to swim longer and faster 
because they use less energy to main-
tain shape. Compression alone im-
proves efficiency by up to 5 % [101].
Research has also shown that fitting 
of ski jumping suits correlates with 
aerodynamic performance with a 
full-scale wind tunnel testing [102].
Compression Athletic Wear is cloth-
ing designed on the basis of construc-
tion solutions tight cut and by taking 
into account the elasticity of the ma-
terial. For this purpose, polyamide 
knitted fabrics are most often used 
[103, 104]. Professional athletes wear 
compression suits to improve their 
athletic performance and speed re-
covery from injury. Compression 
suits are used in high performance 
sports such as running, skiing, swim-
ming, cycling, etc. [105].
Compression technology has long-
term application for medical purpos-
es [103]. Compression garments im-
prove the perception of muscle dam-
age and increase performance in en-
durance tests [106]. It is considered 
that compression athletic wear helps 
in regulation of muscle oxygenation 
and skin temperatures and decreasing 
of perception of fatigue [104].
It has been reported that the use of 
compression shorts can improve vol-
leyball players performance by in-
creasing power output over repeated 
jumps [107]. Also, compression 
shorts reduce fatigue by improving 
blood flow in the veins and reducing 
the cardiovascular load of athletes 
[108]. Compression pants help im-
prove athletic performance and re-
duce injuries by reducing muscle 
oscillations [109], while wearing 
compression stockings (knee-length) 
has a positive effect on runner’s 
hemodynamics [101]. The use of 
compression stockings reduces the 
risk of injury from the overall impact 
of physical exertion [106].
From the point of view of the devel-
opment of sportswear, it should be 
emphasized that sports brands are 
constantly investing in innovations 
in textile materials, fibres and yarns 
in order to make sportswear better 
and more comfortable. Thus, Adidas 
has introduced a number of innova-
tive textile materials, such as Cli-
malite, Climacool, Climachill etc., 
which significantly affect wearing 
comfort. Climalite is a specially de-
signed textile material which transfer 
liquid sweat from the body during 
training. It is based on a combination 
of cotton on the wright and polyester 
fibres on the wrong side of fabric, 
which is in contact with the body, 
and a hydrophilic treatment that en-
hances the effect of removing sweat 
from the inside to the outside. When 
sweat occurs, polyester fibres pro-
mote the extraction of sweat from the 
skin surface into the outer hydro-
philic part of the material (cotton) 
where it evaporates quickly. The hy-
drophilic treatment of the material 
additionally acts to direct sweat from 
the body surface outwards, and the 
inner layer of polyester fibres gives a 
feeling of coldness to the body and 
prevents overheating [111].
Climacool textile structures are engi-
neering-based textile materials that 
allow moisture control and ventila-
tion to athletes. Climacool works by 
removing sweat from the skin by in-
creasing micro-ventilation, e.g. by 
placing nets under the armpit and on 
the back of the T-shirt. It is used 
for production of sports bras, pants, 
T-shirts, and even shorts and shoes.
Fig.4 LZR Racer swimsuit [101].
Fig.5  Climachill textile materiala form brend Adidas: a) 3D aluminum spheres  
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Adidas has introduced to the market 
Climachill [112] a material (Fig. 5) 
that provides a cooling effect by us-
ing SubZero yarn containing tita- 
nium and 3D aluminum spheres (Fig. 
5a). Aluminum spheres are placed on 
the area of clothing that covers the 
parts of the body that are most heated, 
i.e. sweat (e.g. the upper back) for 
cooling. The SubZero yarn from 
which this textile material is made 
has a flat cross section which further 
improves the cooling properties. The 
manufacturer claims that the cooling 
capacity is increased by 36 % com-
pared to the previous material with 
the cooling effect of Climacool.
An interesting material technology 
with cooling effect is Omni-Freeze 
and Omni-Freeze ZERO from Co-
lumbia, where cooling effect is 
achieved by using superabsorbent 
polymers embedded in the form of 
rings with a diameter of 0.381 cm in 
the inner part of the material. When 
sweating, they absorb moisture and 
sweat, and in the process of absorp-
tion and swelling they consume en-
ergy and therefore lower the temper-
ature of the material [113]. The basic 
material is polyester, often treated 
with additional protection from ultra-
violet radiation since these materials 
are used for sports activities in ex-
treme thermal conditions. Columbia 
clothing has been tested by profes-
sional athletes in Grand Canynon 
(USA) at extremely high tempera-
tures and has proven to be extremely 
effective [114]. In addition to materi-
als with a cooling effect, Columbia 
has also developed a range of materi-
als with a heating effect Omni-Heat 
™ 3D, Omni-Heat ™ Reflection, 
Thermal Coil ™, etc. technologies 
with protective properties, such as for 
protection against rain, wind and 
similar.
Dri-FIT™ is one of the well-known 
brands of materials for sportswear 
with the ability to maintain a feeling 
of dryness during sports activities, 
i.e. during sweating. DRI-FIT is 
made of polyurethane microfibers, 
which allows moisture absorption 
and transport from the skin to the sur-
face of the textile material. The result 
of using Dri-FIT material is to protect 
athletes from moisture and maintain 
dryness. This technology is used in 
the production of: blouses, shorts, 
tracksuits, socks, gloves, etc. [115].
8. Design of sportswear
Today, many different programs and 
software for 3D design and simula-
tion of clothes are available. It is pos-
sible to simulate clothes by using 
virtual mannequin. This way clothing 
fit, design and drape can be simulated 
and evaluated [116].
Fig.6 Gradient Tension Map for 8 different knitted fabrics [124]
Fig.7  Dynamic fit analysis of a diving suit: a) the clothing pressure on the wearer’s body,  
b) linear stretching in the y direction (weft direction) [125].
a b
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In highly demanding sports, sports-
wear which fits athlete’s body per-
fectly is important. This can be 
achieved by using different methods 
and techniques for the digitization of 
the human body are used today [1, 
117]. 3D scanning of human body has 
been used in the clothing industry for 
last 20 years, but recently have be-
come more efficient [121]. Different 
technologies of 3D scanning of hu-
man body. Commercially available 
3D scanning systems can be divided 
into five basic groups [117 - 119]:
1. Laser scanning systems using la-
sers as a light source;
2. 3D scanning systems with structu-
red light, mainly white light;
3. LED 3D scanning systems using 
infrared detectors;
4. Shadow 3D body scanning sys-
tems, which includes 2D images of 
video silhouettes (body contours) 
in different body positions conver-
ted to 3D model;
5. Systems that use radio waves to 
scan the body surface through 
clothing.
Extensive data on textile fabrics, 
such as mechanical and thermal 
properties, as well as aerodynamic or 
hydrodynamic properties [120-125], 
depending on the type and purpose 
of use of sportswear, are required to 
design optimal sportswear and its en-
gineering modeling.
When designing sportswear one of 
the most important ergonomic factors 
is the thermal status of the athlete. 
Optimizing the microclimate when 
wearing sportswear can be achieved 
by appropriate engineering design of 
the so-called seamless knitted tech-
nology. Such clothing is designed to 
have different characteristics and 
properties (sorption and heat proper-
ties, breathability, etc.) on certain 
parts that require specific properties 
[123-125]. Seamless knitting tech-
nology is one of the fastest growing 
clothing technologies [119].
In sports that require a tight fit of 
sportswear, one of the most important 
parameters that must be taken into ac-
count when making clothing are the 
elastic properties of textile materials, 
especially tensile properties and elas-
tic recovery. Due to the fit of tight-
fitting clothing on a certain curved 
part of the human body, radial pres-
sure is created. The pressure depends 
on the elasticity modulus of the em-
bedded textile fabric, the curvature of 
the body, the ratio of the circumfer-
ence of the garment to the part of the 
body and the contact surface. Based 
on the measurement of the compres-
sion force at certain points of the 
body and knowledge of the tensile 
characteristics of the textile material, 
a correlation can be determined be-
tween the elastic properties and the 
realized clothing model, in order to 
adapt to the shape and size of the part 
of the body on which it will be worn.
Furthermore, it is necessary to point 
out the computer construction and 3D 
simulation of fitness sportswear, 
where research is focused primarily 
on the mechanical properties of dif-
ferent knitted farbics (which differ in 
elastic properties) intended for the 
manufacture of fitness sportswear. In 
addition, the ergonomic comfort of 
fitness sportswear was evaluated. The 
mechanical properties of the knitted 
fabrics are given in the form of Ten-
sion map (Fig.6), i.e. values (given in 
fg/cm) of the tension wich clothes do 
on the body of the virtual mannequin 
[124]. Tension map (Optitex) pro-
vides insight into simulated garments 
using a colored map showing the val-
ues of stretching, tightening and dis-
tance between clothing and a virtual 
model [126]. The values obtained in 
this way were compared with those 
obtained with a Pico Press pressure 
measuring device [124].
A 3D method of simulating the cloth-
ing fit was used for the computer con-
struction of a diving suit [125]. The 
aim of this study was to determine 
whether the constructed model was 
good enough for use by professional 
athletes. Based on the value of the 
pressure measurement that the suit 
performs on the athlete’s body (at 
predetermined points), a good corre-
lation was achieved between the 
simulated and the realized protype of 
the diving suit. This method has prov-
en to be extremely useful in design-
ing sportswear where extremely tight 
fit is required [117, 125]. Fig.7 shows 
the dynamic fit analysis of the simu-
lated model of the diving suit.
9. Conclusions
The importance of sports and active 
sports clothing has been increased 
worldwide. Sales of these products 
are growing every year. Comfort, 
functionality, attractive design and 
easy handling are the main require-
ments for sportswear depending on 
the type of sport and activities for 
which they are intended. Different 
properties of sportswear can be 
achieved by using the new types of 
fibres, fibre blends, structure and ge-
ometry of fibres, fabrics structure and 
finishing treatments. Moisture man-
agement features such as absorption 
of sweat, sweating evaporation, and 
quick drying are the primary func-
tions of active sportswear that affect 
the comfort of players during sports 
activities. The thermophysiological 
aspect of the garment plays aimpor-
tant role in determining the selection 
and use of materials for sports.
Aside from important requirement is 
increased lightness and softness of 
textile materials, which is achieved 
by using microfibres. Other benefits 
of microfibres used in the sports in-
dustry are wrinkle resistance, and 
good drape properties as well as cot-
ton like touch. Fabric manufactured 
from micro fibres is the one method 
to improve the moisture management 
property which comprises of wetting, 
wicking and moisture vapor trans-
mission.
Much has been done to find the opti-
mum fibres blends for sportswear. By 
using appropriate blend, the favora-
ble properties of the user fibre can be 
obtained for the final product. The 
most common mixtures of polyesters, 
polyamides or cotton with lycra. By 
using this blend for sportswear skin 
sensorial and body movement com-
fort can be significantly improved. 
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For production of sportswear with 
demands good thermal isolation hol-
low and thermoregulated fibres are 
used. While for summer sportswear 
different type of polyester, polyamide 
fibres and microfibres are used and 
bigger attention is paid to the struc-
ture of textile materials.
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